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phages in the developing and adult mouse (Morris etchez les Insectes
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sac at day 10 of mouse development, coincident with15 rue Descartes
the establishment of the vitelline and embryonic circula-67084 Strasbourg Cedex
tions. Then, macrophages sequentially populate the de-France
veloping liver, spleen and bone marrow, and lymph
nodes. They persist as an integral part of the architecture
of the newly formed organs throughout the life of the
Summary animal and are constantly renewed from the blood, al-
though limited local proliferation may occur (Knowles
Programmed cell death is first observed at stage 11 et al., 1984). These findings invited the speculation that
of embryogenesis in Drosophila. The systematic re- macrophages contribute to the growth, turnover, and
moval of apoptotic cells is mediated by cells that are modeling of fetal tissues. Perhaps the most direct evi-
derived from the procephalic mesoderm and differen- dence that macrophages influence the formation of or-
tiate into macrophages. We describe a macrophage gans is in the developing mouse eye. The persistence
receptor for apoptotic cells. This receptor, croquemort of normally transient structures, the pupillary membrane
(catcher of death), is a member of the CD36 superfam- and the hyaloid vasculature in transgenic mice, in which
ily. Croquemort-mediated phagocytosis represents their hyalocytes (eye macrophages) have been selec-
the concept that phagocytosis evolved primarily as a tively ablated, provides direct evidence for the role of
cellular process for the removal of effete cells. Our the macrophages in shaping the mature organ (Lang
findings support the idea that the primordial function and Bishop, 1993).
We set out to characterize macrophage receptors thatof macrophages may have been in tissue modeling
recognize apoptotic cells in the genetically well-definedand that their adapted role is in host defense.
fruitfly Drosophila melanogaster. In this holometabolous
insect, like all metazoans, programmed cell death or
apoptosis is an integral part of normal developmentIntroduction
(Steller and Grether, 1994). The correlation of ultrastruc-
tural features like nuclear condensation and fragmenta-The description of phagocytosis originated from the
tion is now synonymous with apoptosis, and vital dyecharacterization of mesoderm-derived amoeboid phag-
staining of apoptotic cells in mutants and wild-type em-ocytic cells in transparent star fish larvae by Elie Metch-
bryos elegantly defined the pattern of programmed cell
nikoff (1905; Tauber and Chernyak, 1991). His work, al-
death during Drosophila embryogenesis (Abrams et al.,
though originally framed in an embryological context,
1993). The expression of the recently described reaper
focused the debate on the idea that phagocytes play a (rpr) gene, which plays a role in the initiation of apoptosis
role in first line host defense as he encompassed the in Drosophila, defines more precisely this pattern (White
newly emerging field of cellular immunology in the et al., 1994). The removal of apoptotic cells relies upon
1890s. Experiments over the next 100 years have con- macrophage-mediated phagocytosis, although other
firmed and extended the concepts advanced by Metch- cells like retinal epithelial cells are able to participate in
nikoff and illustrate a dual role for macrophages as ef- the removal of neighboring apoptotic cells (Wolff and
fector cells in first line nonclonal immunity (Ezekowitz, Ready, 1991). Tepass and colleagues (Tepass et al.,
1989) and as affectors of the specific immune response 1994) have provided an elegant description of the origin
(Unanue, 1984). The role of macrophages as gatekeep- of hemocytes in Drosophila and defined their relation-
ers of the first line of defense is obvious when one ship to celldeath as they differentiate into macrophages.
considers that macrophages form an intertwining lattice The coincident pattern of apoptosis with the distribu-
beneath epithelium in the lung, gastrointestinal tract, tion of macrophages in embryogenesis suggested that
kidney, and skin (Hume et al., 1984). At these sites, they macrophages must have specific receptor(s) for apop-
retain a remarkable capacity to secrete over 100 soluble totic cells. Of note is that human CD36 is able to recog-
mediators, growth factors, and effector molecules (Na- nize apoptotic polymorpholeukocytes, albeit in associa-
tion with the vitronectin receptor (avb3 integrin or CD51/than, 1987). The extensions of cellular processes
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CD61) (Guan et al., 1991). However, the macrophage the longest cDNA from each group (clone l9 and clone
l11) were derived (Figure 1). Both cDNAsshow an identi-phagocytic receptors responsible for the recognition of
apoptotic cells inDrosophila remain to bedefined. In this cal open reading frame (ORF) of 1371 nt encoding a 457
residue protein. The ORF has an ATG start codon withreport, we describe the characterization of a Drosophila
hemocyte/macrophage receptor that bears 23%identity an upstream stop codon. The original 225 nt PCR frag-
ment is contained within both cDNAs between nucleo-at the amino acid level with CD36. We named this recep-
tor croquemort (catcher of death), as it is able to capture tides 1217±1402. The cDNA clone l11 lacks 96 bp in
the 59 untranslated region, which are present in cDNAapoptotic cells.
clone l9. By contrast, clone l11 extends 476 nt further
39 than clone l9, but both cDNAs possess a poly(A)
Results tail. Southern blot analysis and in situ hybridization of
polytene chromosomes revealed that croquemort is a
Characterization of cDNAs that single gene localized at position 21C4 on the left arm
Encode Croquemort of the second chromosome (data not shown).
Our goal was to identify a pattern-recognition phago-
cytic receptor expressed on the surface of Drosophila Croquemort Is a Member of the CD36
macrophages. We reasoned that the primordial phago- Family of Genes
cytic receptor in metazoans may have evolved to recog- The protein sequence deduced from both cDNAs is re-
nize apoptotic cells. The clue of the existence of such markable in several aspects. On the basis of the amino
a receptor derived from an earlier observation by Gateff acid sequence, hydropathy plot, and various computer
and her colleagues, who demonstrated that a subpopu- analyses, it can be tentatively divided into three domains
lation of cells from a mutant lethal (2) malignant blood (Figure 1; Figure 2A): a short 12 residue N-terminal do-
neoplasm cell line were able to phagocytose dead cells main containing four grouped cysteine residues and a
(Gateff, 1978; Gateff et al., 1980). We inferred from those putative protein kinase C (PKC)-phosphorylation site; a
results that the dying cells were apoptotic cells. We hydrophobic domain of 24 residues from residues
confirmed this idea by showing that l(2)mbn cells were 13±36; a C-terminal region that begins with a 200 residue
able to ingest apoptotic cells (unpublished data). The stretch containing 6 of 7 potential N-glycosylation sites
l(2)mbn cell line is characterized by a heterogeneous and 2 of 3 putative PKC-phosphorylation sites, followed
population of cells at various stages of differentiation by a stretch of residues with seven clustered cysteines.
within the culture from hemocytes (plasmatocytes) to Comparison of the croquemort amino acid sequence
more mature macrophages (lamellocytes). We em- with the protein sequences of the EMBL DataBank re-
barked on a dual strategy of the candidate gene ap- veals that the conservation of several cysteines (255,
proach as well as an unbiased biochemical approach 285, 326, 334, 345), glycines (92, 130, 184, 209, 229, 244,
in order to identify this putative receptor. In pursuit of 260, 371, 390), and prolines (93, 269, 290, 350, 356, 374,
a candidate gene, we postulated that such a receptor 387, 422) allows an alignment of the encoded croque-
might be a member of the C-type lectin family (Drick- mort protein with various members of the CD36 super-
amer, 1988). An anchored polymerase chain reaction family (Figure 2B). Of particular interest is a 13 aa
(PCR) based approach relied upon the amplification of motif present in the C-terminal cysteine-rich domain of
poly(A)-enriched RNAs from third instar larvae of Dro- croquemort ectodomain (P I/V Y I/L S F/L P H F Y/L L
sophila. The products were amplified by PCR using a A D/S) that is conserved among all the members of
24-mer degenerate oligonucleotide primer correspond- the CD36 superfamily (Asch et al., 1992). The functional
ing to a consensus nucleotide sequence of the con- significance of this motif is yet to be defined. Although,
served carbohydrate recognition domain (CRD) of recent work indicates that CD36-like molecules are able
C-type lectins (Drickamer, 1988). A number of PCR prod- to recognize the patterns of ligands that allow them to
ucts were analyzed. Of those, a 225 nt cDNA fragment be classified as scavenger-like receptors. Croquemort
was of particular interest. While significant homology in shares 23% of identity with the murine CD36 (Endemann
the nucleotide sequence with the degenerate primer et al., 1993). Surprisingly, this molecule was isolated by
was observed, no C-type lectin CRD consensus se- expression cloning as a receptor for oxidized low density
quence was found. However, a search for homologies lipoprotein, a scavenger receptor ligand (Endemann et
in the EMBL DataBank identified a 23% identity at the al., 1993). Based on these findings, it was found that
amino acid level with the human cell surface glycopro- the human CD36 is able to bind a subset of polyanionic
tein CD36. As the ligand binding properties qualified ligands that Krieger and colleagues first defined in the
CD36 as a pattern recognition molecule that recognizes context of the macrophage scavenger receptor (Krieger,
apoptotic polymorpholeukocytes, we pursued this 1992; Krieger et al., 1993). The identification of a hamster
product further. A size-selected cDNA library prepared homolog of CD36, haSR-BI, which shares 30% of iden-
from l(2)mbn tumorous blood cells (Gateff, 1978; Gateff tity with croquemort and recognizes the wide range of
et al., 1980) was screened with a nick-translated 225 nt the scavenger receptor ligands as well as native LDL,
PCR fragment as a probe. Out of 200,000 pfu, 18 positive strengthened the idea that CD36-like molecules may
clones were obtained and subcloned into plasmid represent another class of scavenger receptors (Acton
pSPORT 1 for restriction mapping. The 18 cDNAs could et al., 1994). These findings have obvious implications
be classified into two groups according to their differ- for croquemort as a potential scavenger-like pattern
ence in both 59 and 39 untranslated regions (data not recognition molecule and suggest that the macrophage
scavenger receptors may recognize apoptotic cells.shown). The nucleotide sequences of both strands of
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Figure 1. The Nucleotide Sequence and Translated ORF cDNAs Encoding the Drosophila Protein Croquemort
Note cDNA l9 (accession number EMBL Z31582) has a longer 59 untranslated region but a shorter 39 untranslated region than cDNA l11
(accession number Z31583). Both classes of cDNA have identical ORF. Nucleotides and amino acids are numbered at the right of each line.
The dotted underlined sequence corresponds to the PCR probe used to isolate the cDNAs. Putative N-glycosylation sites are underlined, and
putative PKC phosphorylation sites are in italics. Putative polyadenylation signals are overlined.
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Figure 2. The Croquemort Protein Is a Member of the CD36 Protein Family
(A) A schematic linear representation of the Drosophila protein croquemort is shown, where the cysteines (C) are indicated throughout the
amino acid sequence. Putative PKC phosphorylation and N-glycosylation sites are symbolized by triangles and circles, respectively, and a
putative hydrophobic transmembrane region is represented by a striped box.
(B) A conserved region among all CD36-like molecules (see text) is represented by a closed box. In the amino acid sequences alignment of
the Drosophila croquemort protein with the other CD36-like molecule of Drosophila, emp (Hart and Wilcox, 1993), and different representative
members of the mammalian CD36 subfamilies haSR-BI (Acton et al., 1994), muCD36 (Endemann et al., 1993), and human CD36 (Tandon et
al., 1989); asterisks show residues that are identical among all the aligned proteins; number signs indicate residues conserved between the
croquemort protein and at least three other proteins; equals signs show the residues conserved with at least two other proteins; and plus
signs show the conserved residues with at least one other member. Protein analysis and alignment were defined by computer analysis using
Protean and Megalign-Lasergene DNASTAR, Macintosh.
Croquemort bears 24% identity to emp, a Drosophila brane domain. As a result of this predicted difference
in the topology of croquemort compared with otherepithelial membrane protein expressed in ectodermal
tissues like epidermis, hindgut, and foregut during em- CD36-like proteins and, as we postulated that croque-
mort may be a pattern recognition receptor, we wishedbryogenesis (Hart and Wilcox, 1993). In larvae, emp is
expressed in the epithelial cells of wing imaginal discs to ensure that it was indeed a membrane-associated
protein. Specific staining of transferred proteins with anand in cells fated to give rise to epithelial structures.
The emp cDNA predicts a protein that has N-terminal anti-croquemort antiserum raised against an internal 18
residue peptide and an antiserum raised against entireand C-terminal hydrophobic regions, which are ex-
pected to span the membrane. This configuration is a ectodomain revealed a band of apparent molecular
mass of 68 kDa in the membrane (M) but not in thefeature of all other members of the CD36 family of pro-
teins, although some doubt has been cast on whether soluble fraction (S) (Figures 3B and 3D). Importantly,
the respective preimmune rabbit sera were nonreactivethe N-terminal hydrophobic domain of human CD36 is
sufficient to anchor the protein to the membrane (Pearce (Figures 3A and 3C).
To determine whether this protein had properties ex-et al., 1994).
pected of an integral or peripheral membrane protein,
we prepared crude membrane extracts at different pHsCroquemort Is a Membrane-Associated Protein
The croquemort cDNAs predict an encoded protein that from range pH 7.5 to pH 10.0, as well as at different
ionic strength solutions from range 150 mM NaCl tohas a single N-terminal hydrophobicputative transmem-
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Figure 3. The Croquemort Protein Is a Mem-
brane Protein
Membrane proteins (M), peripheral mem-
brane proteins (PM), and soluble extracts (S)
of l(2)mbn tumorous blood cells were size
fractionated by polyacrylamide gel electro-
phoresis and transferred to a nylon mem-
brane that was immunostained with preim-
mune sera (A and C), polyserum raised
against an internal synthetic peptide (B), or
polyserum raised against a recombinant pro-
tein that represented the ectodomain of the
encoded protein (D, E, F, G, H). The protein
is not detected by the preimmune sera (A
and C), when both anti-croquemort polysera
recognize a 68 kDa protein that is present
in the membrane (M) proteins extracted with
Triton X-100 from l(2)mbn tumorous blood
cells, but absent in the soluble fraction (S) (B,
D). Extraction with 0.25% and 0.5% Triton
X-114 revealed the presence of croquemort
in the membrane fraction (M), but absence
from peripheral membrane proteins fraction
(PM) (E, F). Extraction with 1% Triton X-114
revealed the presence of croquemort in both
the membrane fraction (M), and theperipheral
membrane proteins fraction (PM) (G). We also
failed to detect croquemort antigen in super-
natants from l(2)mbn-cultured medium (C) (H).
Note the signal disappears after preabsorp-
tion of the anti-peptide immune polyserum
against the synthetic peptide (data not
shown).
1 M NaCl). Conditions of basic pH and and high salt immunofluorescence of COS-7 cells transfected with
the croquemort cDNA. The results (Figure 4A) revealconcentrations allow the release of peripheral mem-
brane proteins into the soluble fraction. We found that the typical distribution of the antigen, which is most
prominent in membrane of subcellular vesicles and ap-this protein was not released from the membrane at pH
10 or at 1 M NaCl alone, or in combination (data not pears to stain the plasma membrane.
Although the encoded protein predicts a 54 kDa poly-shown). Similarly, 0.25% and 0.5% Triton X-114 treat-
ment, which would be expectedto solubilize a peripheral peptide, we have repeatedly detected a protein of 68
kDa. It is likely, though not formally proven, that themembrane protein, did not release the croquemort pro-
difference in molecular mass results from posttransla-tein from the membrane extracts (Figures 3E and 3F).
tion addition of O-linked glycans or N-linked glycans,Croquemort antigen was detected in the soluble and
or both, at the seven potential glycosylation sites. Thesethe membrane fraction after treatment with 1% Triton
N-linked glycan consensus motifs are conserved inX-114. The appearance of the antigen in the soluble
CD36 family members and, in the case of human CD36,fraction is likely to be as a result of micelle formation
they have been shown to be occupied by complex oligo-at the high concentration of detergent (Figure 3G). To
saccharides (Greenwalt et al., 1992).evaluate whether croquemort is secreted into the me-
dium, we analyzed supernatants from l(2)mbn-cultured
medium (C) and failed to detect croquemort antigen by Croquemort Is Expressed on Drosophila
Hemocytes/Macrophages from LateWestern blot (Figure 3H). Our results are not consistent
with croquemort as a peripheral membrane protein, but, Stage 11 of Embryogenesis
As our original premise was that a primordial metazoaninstead indicate features expected of an integral mem-
brane protein. This premise was further evaluated by phagocytic receptor would play a role in the recognition
Immunity
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Figure 4. Expression of Croquemort in COS-7 Cells Transfected with the Full-Length cDNA of Croquemort
(A) The expression of croquemort as detected by specific immunofluorescence is consistent with the notion that croquemort is a membrane-
associated protein.
(B) Transfected COS-7 cells incubated with preimmune serum reveal a low background staining pattern. Scale bar, 5 mm.
of apoptotic cells by macrophages, we set out to exam- examined the expression of croquemort in embryos at
various stages of development by immunohistochemi-ine the expression of our candidate molecule in em-
bryogenesis. Our aims were to confirm that croquemort cal staining. The pattern of staining is almost identical
to the pattern observed for peroxidasin and, hence, wewas indeed expressed in hemocytes and macrophages
and to relate these findings to the now well-defined conclude that croquemort appears to be expressed on
hemocytes/macrophages in embryogenesis. We werepatterns of apoptosis in Drosophila embryogenesis. We
used the definitive studies of Tepass and colleagues as unable to detect croquemort in very early stage embryo
(Figure 5a). In fact, it was in late stage 11 embryos (stagea guide (Tepass et al., 1994). In their very elegant study,
these workers investigated the embryonic conversion 5 embryo; Figure 5b) that croquemort expression was
first detected. Importantly, the expression of croque-of hemocytes to macrophages in Drosophila em-
bryogenesis. They clarified the origin of hemocytes in mort is coincident with the first wave of apoptosis as
defined by the definitive work of Steller and coworkersthe embryo, followed the developmental pattern of he-
mocytes and compared the distribution of apoptosis (Abrams et al., 1993; White et al., 1994). Croquemort
defines cells that by stage 12begin tospread throughoutand phagocytes in the embryo. Their work showed that
hemocytes derive from the procephalic mesoderm that the embryo (Figure5c) and by stage 13/14 have migrated
from both ends towards the middle until they are evenlyoverlies the procephalic neuroblasts. Hemocytes are
observed approximately 2 hr after gastrulation (late distributed by stage 15 (Figures 5d, 5e, and 5f). A higher
powerview of croquemort-positive cells reveals the typi-stage 10). By stage 11, they estimated that 700 cells are
positive for peroxidasin, a hemocyte marker (Tepass et cal macrophage morphology with large vacuoles (Figure
5g). As we did not count each positive cell, we are unableal., 1994). In early stage 12, once the germ band begins
to retract, the hemocytes start to spread throughout the to draw any conclusion whether croquemort labels all
700 macrophages from stage 11. However croquemortembryo. By stage 13/14, hemocytes have migrated from
both ends of the embryo towards the middle. At stage appears to colocalize with all b-galactosidase±positive
macrophages from 197 Drosophila embryos (Figures 6a15, they are evenly distributed throughout the embryo.
Tepass and colleagues go on to make the point that and 6b). The 197 strain is an enhancer trap fly line in
which the lacZ reporter gene is expressed specificallyonce hemocytes encounter apoptotic cells, they be-
come phagocytic, i.e., macrophages (Tepass et al., in the nuclei of macrophages (Abrams et al., 1992). The
results shown are of contiguous fields from the same1994). However, hemocytes are not required for
apoptosis as mutants like Bicaudal D and twist snail embryo in which croquemort is visualized by a specific
anti-croquemort antiserum that is detected by a fluores-double mutants, which respectively lack all head struc-
tures or where mesoderm fails to develop, are unable cein isothiocyanate (FITC)-conjugated second antibody,
and the lacZ product is identified with an anti-b-galac-to give rise to hemocytes yet proceed with wild-type
patterns of apoptosis. It is within this background that tosidase antibody, which is detected by a rhodamine
coupled second antibody. In addition, croquemort wasour findings shown in Figure 5 should be viewed. We
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expressed in all hemocytes obtained from hemolymph 1950). In turn, engulfment of the dead cells is an impor-
tant regressive event in development and it raises theisolated from wandering stage larvae (data not shown).
idea that dead cells like microbes are recognized by
macrophages as foreign. In fact, the original description
Croquemort-Mediated Recognition of phagocytosis was made by the observation of cellular
of Apoptotic Cells function during development (Metchnikoff, 1905). This
The similarity in the pattern of expression of croquemort raises the question that the embryonic role for macro-
during embryogenesis with the pattern of apoptosis and phages is modeling developing tissue and that, in the
its homology with human CD36 suggested to us that fully formedanimal, macrophages adapt toassume their
croquemort was indeed a catcher of death. To confirm better-known function in host defense. The importance
this idea, we set out to determine whether croquemort- of macrophage phagocytosis in the orderly removal of
positive macrophages contained apoptotic cell bodies. dead cells, although probably an ubiquitous feature of
Apoptotic corpses were detected by terminal deoxy- animal development, is unequivocally illustrated in
nucleotidyl transferase±mediated dUTP nick end-label- metazoan development (Tepass et al., 1994). In particu-
ing. Thereafter, croquemort-positive hemocytes were lar, Drosophila melanogaster is an attractive model to
detected by specific immunostaining and detected by study the molecular events of phagocytosis, as it is a
an alkaline phosphatase±conjugated second antibody. genetically well-defined organism in which the patterns
A representative field of double-stained cells reveals the of cell death and the origins and migration of macro-
apoptotic corpses (brown) contained within croque- phages in embryogenesis are well defined (Tepass et al.,
mort-positive macrophages (blue) in a high power view 1994; Steller and Grether, 1994). Cell death in Drosophila
of the cephalic region of a stage 13 embryo (see Fig- begins at stage 11 (approximately 7 hr after egg laying)
ure 5h). of embryogenesis and follows a predictable pattern (Ab-
As the presence of apoptotic corpses within croque- rams et al., 1993). Hemocytes are derived from proce-
mort-positive cells provides circumstantial evidence phalic mesoderm and are first observed at stage 10 of
that croquemort may mediate the uptake of apoptotic embryogenesis and spread throughout the embryo in a
cells, we sought more direct evidence. We therefore well-defined pattern that coincides with the distribution
assembled the croquemort cDNA in a mammalian ex- of programmed cell death. A hemocyte differentiates
pression vector and used this recombinant plasmid to into a macrophage at stage 11 of embryogenesis, when
transfect COS-7 cells transiently. Croquemort transfec- the ability to phagocytose apoptotic cells is acquired
tants were able to bind apoptotic murine thymocytes (Tepass et al., 1994). This suggests that macrophages
as shown in a representative confocal micrograph (Fig- express receptors that mediate phagocytosis of apop-
ure 7b). The binding was specific for apoptotic cells, totic cells. Our results describe a Drosophila macro-
as nonapoptotic cells failed to associate with the cells phage receptor that is first observed on late stage 11
(Figure 7a). No binding of apoptotic cell was observed macrophages. The receptor is found on most, if not all
in mock-transfected cells or cells transfected with a macrophages that contain apoptotic cell corpses. The
cDNA encoding an irrelevant membrane protein (data expression of this Drosophila protein on the surface of
not shown). A high power confocal image in the plan mammalian COS-7 cells confers the ability to recognize
above the nucleus revealed that the croquemort- and phagocytose apoptotic murine thymocytes. We
transfected COS-7 cells were able to internalize some have therefore named this receptor croquemort, the
bound particles (Figure 7c). The cell association of apop- catcher of death.
totic thymocytes to croquemort-transfectedCOS-7 cells Croquemort is most similar to human CD36. CD36
was specifically inhibited by an anti-croquemort antise- and its mammalian homologs recognize a diverse array
rum directed against the ectodomain of the encoded of ligands, including polyanionic macromolecules,
protein (Figure 8). These findings indicate that this he- which were first used to identify the ligand binding prop-
mocyte transmembrane protein is a phagocytic receptor erties of the class A and class B macrophage scavenger
for apoptotic cells. receptors (Krieger, 1992; Krieger et al., 1993; Rigotti
et al., 1995). The mammalian macrophage scavenger
receptors are able to recognize bacterial lipopolysac-
Discussion charide and a wide range of polyanionic ligands (Krieger
et al., 1993), as well as apoptotic thymocytes (S. Gor-
Macrophage phagocytosis is most commonly associ- don, personal communication). Interestingly, although
ated with recognition of microorganisms that are enve- croquemort can mediate the binding of apoptotic cells,
loped by pseudopodiaand lamellopodia.The membrane it does not appear to recognize scavenger receptor li-
seals around the soon to be ingested ligand and the gands (unpublished data). Other macrophage receptors
nascent phagosome is then guided by cytoskeletal ele- appear to have a more specialized function that is verte-
ments to the lysosome (Silverstein et al., 1977). Phago- brate specific. The appearance of immunoglobulins in
some±lysosome fusion allows the digestion of the in- vertebrates prescribed the need for Fc receptors (Ra-
gested particle by lysosomal enzymes. The initial event vetch and Kinet, 1991). The favored ligands for the mac-
in phagocytosis is ligand recognition. Macrophages re- rophage mannose receptor are oligosaccharides, which
ceptors recognize foreign antigen, which, in the context have combinations of accessible mannose, N acetyl-
of host defense, is most often the surface of a pathogen glucosamine, glucose, and fucose that adorn the sur-
(Silverstein et al., 1977). Programmed cell death is an face of many microorganisms (Ezekowitz and Stahl,
essential part in the development of mature multicellular 1988; Stahl, 1990; Drickamer and Taylor, 1993). Galac-
tose and sialic acid, the ultimate and penultimate sugarsorganisms (Wylie et al., 1980; Raff, 1992; Glucksman,
Immunity
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Figure 6. Colocalization of Croquemort and
b-Galactosidase Expression in Stage 15/16
Embryos from 197 Strain of Drosophila mela-
nogaster
This figure represents the (a) head (H), gut
(G), and (b) tail (T) of the same stage 15/16
embryo. The embryo is from the 197 strain of
fly in which the lacZ gene product is restricted
to the nuclei of macrophages and appears
red (rhodamine staining). The plasma and cy-
toplasmic membranes of these cells (macro-
phages) are exclusively stained with an anti-
croquemort antiserum that is detected with
a FITC-conjugated second antibody (green
staining).
of most mammalian glycoproteins, are not discerned by According to this hypothesis, we would predict that the
this receptor (Drickamer and Taylor, 1993). One explana- Drosophila scavenger class C receptor like croquemort
tion for our failure,despite great effort, to define primitive will recognize apoptotic cells (Pearson et al., 1995).
homologs of the mannose receptor in insect cells may Other macrophage receptors, for example the Fc recep-
be that unlike mammalian cells, insect cells may have tors and the mannose receptor, are found on the surface
self glycoproteins that would be recognized by the man-
of mammalian macrophages and have evolved more
nose receptor.
restricted recognition profiles. We expect that croque-Our results define a potential primordial phagocytic
mort will allow the application of genetic approachesreceptor and suggest a hierarchy of recognition for mac-
available in Drosophila to dissect the pathways ofrophage phagocytic receptors. According to this pro-
phagocytosis in Drosophila macrophages, and the les-posed schema, the broad range of pattern recognition
sons learned may also apply to mammalian macro-displayed by CD36-like molecules and scavenger recep-
tors is conserved from the Drosophila fly to human. phages.
Figure 5. Expression of Croquemort during the Embryogenesis of Drosophila
(a±h) Whole-mounts of embryos were labeled with anti-croquemort antisera. (a) shows no staining in a stage 5 embryo. (b) shows a dorsal
view of a late stage 11 embryo. Positively stained cells are observed in the cephalic region and bilaterally beneath the amniosera. (c) A lateral
view of a stage 13 embryo shows croquemort-positive hemocytes that have migrated to the clypeolabrum, beneath the amnioserosa toward
the tail end of the germ band, and ventrally around the nerve cord (b 5 brain region, m 5 midgut region, and h 5 hindgut region). (d) Dorsal
view of stage 13 embryo, in which hemocytes are observed around the brain and bilaterally around the amnioserosa. (e) A dorsal view of a
stage 14 embryo shows that croquemort-stained hemocytes are spreading throughout the embryo. (f) Dorsal view of a stage 15 embryo where
the pattern of staining extends throughout the embryo. (g) A 903 (original) magnification of the cephalic region of a stage 13 embryo shows
croquemort-stained hemocytes, which present the typical macrophage morphology. (h) shows a 903 (original) magnification of macrophages
of the brain region of a stage 13 embryo, which have ingested apoptotic corpses. The apoptotic corpses detected by TUNEL appear brown
and croquemort staining is detected by a second antibody coupled to alkaline phosphatase, and the reaction product appears dark blue.
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Figure 7. COS-7 Cells Transfected with the Croquemort cDNA Bind Apoptotic Thymocytes
(a) A representative field of murine FITC-labeled thymocytes (small white cells) that fail to bind to COS-7 cells transfected with croquemort
cDNA (large dark blue cells).
(b) A representative field of murine FITC-labeled apoptotic thymocytes (small white or light blue cells) that rosette around croquemort
transfected COS-7 cells (large dark blue stained cells). This experiment was performed on at least ten independent occasions. Similar results
were obtained with unlabeled apoptotic murine thymocytes.
(c) A representative field of croquemort-transfected COS-7 cells that are in the process of (white arrows) and have phagocytosed (black
arrows) bound FITC-labeled apoptotic murine thymocytes.
Experimental Procedures U/ml of SuperScript reverse transcriptase (GIBCO BRL Life Technol-
ogies, Grand Island, New York), 0.5 U/ml of RNAsin (Boehringer
Mannheim Corporation, Indianapolis, Indiana), following the instruc-Characterization of cDNAs that Encode Croquemort
Poly(A)-enriched RNA (5 mg) of third instar wandering larvae of Dro- tions of the manufacturer. After first-strand synthesis, excess prim-
ers and nucleotides were removed by passing the sample throughsophila was briefly heat-denatured, snap-cooled, and primed with
50 pmol of a 36-mer polyT18 oligonucleotide with three cloning a spun column (Qiagen, Incorporated, Chatsworth, California). A
PCR amplification was performed with 1/50of the cDNA preparationsites at its 39 end(59-GACTCGAGTCGACATCGAT18-39). First-strand
cDNA synthesis proceeded at 378C for 1 hr in the presence of 500 in the presence of 0.05 U/ml Taq DNA polymerase (Boerhinger
Mannheim) using 20 pmol of an oligonucleotide corresponding to
the three cloning sites region of the reverse transcription primer
and 20 pmol of a 24-mer degenerate sense primer (59-GGIA/CA/
G/TITGGAAC/TGAC/TA/GA/TIIA/C/TITGC/T-39) corresponding to a
consensus nucleotide sequence of the C-lectin carbohydrate recog-
nition domain (GXWNDXXC) (Drickamer, 1988). The amplification
was performed as follows: melting at 948C for 30 s, annealing at
558C for 1 min, extension at 728C for 3 min (35 cycles). The PCR
products were purified on a 3% NuSieve (FMC Bioproducts, Rock-
land, Maine) low-melting agarose, subcloned into the SmaI site of
M13mp18, and sequenced on both strands,by means of the dideox-
ynucleotide method of Sanger, using universal primers or internal
primers with the sequencing kit Sequenase (US Biochemical Corpo-
ration, Cleveland, Ohio) following the protocol of the manufacturer.
A size-selected polyT15-primed cDNA library was constructed in
the vector lgt22 (Superscript l system, GIBCO BRL) using poly(A)-
enriched RNA extracted from l(2)mbn tumorous blood cells (Gateff,
1978; Gateff et al., 1980). We screened 200,000 pfu with the PCR
cDNA as a probe. Hybridization of the nitrocellulose filters with the
nick-translated probe ([g-32P]dCTP; 3000Ci/mmol) was performed
overnight at 428C in 1 M NaCl, 0.1 M Na citrate, 53 Denhardt's (0.1%
Ficoll, 0.1% polyvinyl pyrrolidone, 0.1% bovine serum albumin), 100
mg/ml denatured salmon sperm DNA, 0.1% SDS (3.5 mM), with 50%
formamide. Filters were first washed in 0.3 M NaCl, 0.03M Na citrate,
0.1% SDS three times for 20 min at room temperature and once in
0.2 M NaCl, 0.02 M Na citrate at 708C for 20 min. Hybridization-
positive cDNAs were first subcloned in pSPORT 1 (GIBCO BRL) for
restriction mapping and fragments were subsequently subcloned
Figure 8. Inhibition of Cell Association of Apoptotic Thymocytes to in M13mp18 or M13mp19 to besequenced. Routine computer analy-
Croquemort-Transfected COS-7 Cells sis of the sequencing data was performedwith Lasergene DNASTAR
Cell association of apoptotic thymocytes to croquemort-transfected Macintosh software.
COS-7 cells was specifically inhibited by an anti-croquemort antise-
rum but not by preimmune serum. Results shown are the mean 6 Preparation of Antibodies
the standard deviation of duplicates and representative of two inde- A New Zealand rabbit was immunized by subcutaneous injections
pendent experiments in which the binding index was derived by with an emulsified mixture of equal volumes of Freund's complete
scoring the number of apoptotic thymocytes associated with 100 adjuvant (Sigma) and a synthetic 18 residue peptide (1 mg per injec-
tion) corresponding to internal residues 306±323 of the croquemortcells.
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protein sequence deduced from the cDNA (Figure 1); this region was anti-GST croquemort IgG. The primary antibody was detected by
identified as immunogenic with the Protean program (Lasergene alkaline phosphatase±coupled goat anti-rabbit IgG (H 1 L) (Harlow
DNASTAR, Macintosh). Afterwards, the rabbit was injected at and Lane, 1988). After serial dehydratation, some embryos were
3-week intervals using the same peptide emulsified in Freund's in- clarified in 100% methyl salicylate (Sigma) and photographed with
complete adjuvant. the MICROPHOT-FXA microscope system (Nikon, Incorporated,
Polyserum was tested for its immunoreactivity on dot-blots per- Melville, New York). Apoptotic corpses were detected by In Situ
formed with several dilutions of the peptide. Cell Death Detection Kit, POD, according to the protocol of the
A 990 bp fragment of the cDNA l11 encoding the C-terminal 330 manufacturer (Boehringer Mannheim), then prepared and stained
aa region of croquemort was amplified by PCR using a 24-mer with anti-croquemort IgG as described above.
mutated sense primer corresponding to the nucleotides 459±482 Whole-mount embryos (197) were collected and immunostained
(59-CGGAGa/GGATCCAATGGCACATTGG-39) and a 24-mer mu- with a mixture of specificanti-croquemort rabbit IgG (dilution 1:1000)
tated antisense primer designedat the 39 endof the translated region and anti-b-galactosidase mouse monoclonal antibody (Boehringer
and corresponding to the nucleotides 1535±1558 (59-TGCTCt/GAg/ Mannheim, 1:200). Primary antibodies were detected with a FITC-
ATTg/CGTCAGTATGTCCT-39; melting at 958C for 1 min, annealing conjugated goat anti-rabbit IgG (H 1 L) (Jackson Immuno Research,
at 588C for 1 min, extension at 728C for 2 min, 30 cycles). Appropriate 1:500) and a rhodamine-conjugated donkey anti-mouse IgG (H1L)
restriction sites BamHI and EcoRI were introduced at both sides of (Jackson Immuno Research, 1:500).
the amplified product to allow its cloning in frame with the GST
sequence in the pGEX-2TK vector (Pharmacia Biotech, Incorpo- Expression in Mammalian Cells
rated, Piscataway, New Jersey). A large-scale preparation of fusion Full-length cDNA (1.9 kb) l11 cloned in the pSPORT 1 vector was
protein was performed in Escherichia coli DH5a according to a amplified by PCR using a 24-mer sense primer designed in the
standard method. After analysis by SDS polyacrylamide gel electro- pSPORT 1 polylinker (59-AGCTGGTACGCCTGCAGGTACCGG-39)
phoresis (8%), this fusion protein was identified in an insoluble form and a 24-mer mutated antisense primer designed at the 39 end
localized in the inclusions bodies and was isolated by 6% SDS of the translated region (59-TGCTCGAATTCGTCAGTATGTCCT-39;
polyacrylamide gel electrophoresis elution using the 491 prep cell melting at 958C for 2 min, annealing at 588C for 2 min, extension at
system according to the protocol of the manufacturer (Bio-Rad, 728C for 3 min, 30 cycles). The resulting amplified product was then
Hercules, California). A New Zealand rabbit was immunized ac- digested with EcoRI and ligated to the pcDNA3 expression vector
cording with the fusion-protein antigen protocol of the Pocono Rab- (Invitrogen Corporation, San Diego, California). COS-7 cells were
bit Farm and Laboratory, Incorporated (Canadensis, Pennsylvania). grown in culture inDulbecco's modifiedEagle's medium low glucose
Preimmune and immunepolysera were immunoglobulin G (IgG) puri- (GIBCO BRL Life Technologies, Incorporated, Gaithersburg, Mary-
fied on a protein A±Sepharose column according to the protocol of
land) with 10% fetal bovine serum, 100 U/ml penicillin, 100 mg/ml
the manufacturer (Pharmacia Biotech, Incorporated). streptomycin (medium A) at 378C in a humidified 5% CO2, 95%
air incubator, and the transient transfections were performed as
Identification of Croquemort as a Membrane Protei
described by Acton et al. (1994). As estimated by using a b-galacto-
The membrane protein fraction was prepared following a method
sidase expression vector (pCH110, Pharmacia) as a control, thepreviously described for human platelets with few modifications
efficiency of transfection in COS-7 cells using the DEAE method
(Tandon et al., 1989; Greenwalt, 1993). In brief, 2.108 l(2)mbn tumor-
was about 60% (Lim and Chae, 1989). After 48 and 72 hr of transfec-ous blood cells were centrifuged at 400 3 g for 5 min at 48C, washed
tion, the various transfected COS-7 cells were trypsinized and splittwice in cold phosphate-buffered saline (PBS), and resuspended in
at a density of 15000 and 30000 cells per coverslips in 24-well plates5 ml of sonication buffer (50 mM Tris±HCl, 5 mM EGTA [pH 7.4])
to be incubated overnight at 378C until adherent. Distribution of thewith or without a mixture of protease inhibitors (pepstatin A,antipain,
croquemort antigen in transfected COS-7 cells was examined bychymostatin, leupeptin and aprotinin, at a final concentration of 1
specific immunofluorescence. Thymocytes were isolated from fe-
mg/ml each; Sigma). Cells were submitted to five 20 s bursts of
male C57BL/6J mice (4±5 weeks old) and diluted with RPMI 1640sonication on ice (Branson sonifier, setting 7) followed by centrifuga-
(GIBCO BRL Life Technologies) supplementedwith 10% fetal bovinetion at 10,000 3 g for 10 min at 48C to remove cell debris and
serum, 100 U/ml penicillin, 100 mg/ml streptomycin. Apoptosis wasunbroken cells, and at 100,000 3 g for 90 min at 48C to sediment
induced by incubation with 100 nM dexamethasone at 378C forthe membrane fraction. The supernatantcontaining soluble proteins
12±16 hr in a humidified 5% CO2, 95% air incubator (Wylie, 1980).was conserved (S). The pellet contained thecrude membrane extract
Under these conditions, more than 95% of the thymocytes incu-and was submitted to a phase separation for 15 min at 308C with
bated at 378C were apoptotic as judged by the staining with Hoechstvariable concentration of Triton X-114 (0.25%±1%) in the sonication
33258 (Sigma). In addition, apoptotic DNA fragmentation was as-buffer, followed by centrifugation at 400 3 g for 10 min at room
sessed by agarose gel electrophoresis. In contrast, control experi-temperature. The upper phase contained the peripheral membrane
ments were performed in which the thymocytes were incubated atprotein (PM) and the lower Triton phase the integral or strongly
48C for the same period of time in the medium containing dexameth-associated membrane protein (M). In other experiments (Figures 3A,
asone. Under these conditions, the cells did not undergo apoptosis3B, 3C, 3D), the crude membrane extract was solubilized in 1%
as described (Li et al., 1995). After the incubation period, thymocytesTriton X-100 in the sonication buffer in rotating capped tubes over-
were washed twice with plain RPMI medium and then PBS. Allnight at 48C. Insoluble material was removed by centrifugation at
washing and centrifugation steps were performed at 48C. The cells100,000 3 g for 30 min at 48C.
were then resuspended in PBS containing 100 mg/ml of FITC I (Re-Protein (20 mg) was separated by a 8% SDS polyacrylamide gel
search Organics, Cleveland, Ohio), incubated for 30 min at 258C,electrophoresis in a discontinuous buffer system and transferred
and washed twice with cold RPMI. Nonapoptotic or apoptotic FITCon a positive nylon membrane (Millipore HA filter, 0.45 mm, Millipore
I-labeled thymocytes were added in a ratio of 20 thymocytes perCorporation, Bedford, Massachusetts) using a semidry transfer sys-
COS-7 cell and the cell association (binding and phagocytosis)tem and Towbin buffer (Towbin et al., 1979). The membrane was
assay was performed at 378C for 1 hr or 4 hr. Unbound thymocytesincubated with rabbit anti-peptide serum or anti-GST croquemort
were removed by three washes with RPMI medium and the cellsIgG and developed with a biotinylated goat anti-rabbit IgG (Vector
were fixed in a 3% formaldehyde PBS solution. The preparationsLaboratories, Incorporated, Burlingame, California) developed with
were finally counterstained with a Hoechst solution, washed threethe Vectastain ABC-AP mouse IgG kit according to the protocol of
times with PBS, and mounted in a Tris-glycerol solution (10 mMthe manufacturer. Immunopreabsorption of the diluted polyserum
Tris±HCl [pH 8.0], glycerol 90%, 1 mM DTT) on microslides to be(1:12,000) in PBS 1 0.1% Tween (PBT) was performed with 500 mg/
observed at a confocal laser scanning microscope (Sarastro 2000,ml of the synthetic peptide. Polysera were used at a dilution
Molecular Dynamics, Incorporated, Sunnyvale,California) fitted with1:10,000. High molecular mass markers were obtained from GIBCO
a 25 mW argon±ion laser and an upright microscope (Optishot-2,BRL Life Technologies.
Nikon, Incorporated, Melville, New York) as well as at the fluorescent
microscope (Microphot-FXA, Nikon, Incorporated, Melville, NewImmunocytochemistry
York), in order to quantitate the binding of particles per cell. IgG-Whole-mount embryos of Drosophila were collected and immuno-
stained as described previously (Tepass et al., 1994) with purified purified preimmune or GST±croquemort fusion protein antiserum
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was added at a dilution of 1:50 at the time of the incubation of Guan, E., Burgess, W.H., Robinson, S.L., Goodman, E.B., McTigue,
K.J., and Tenner, A.J. (1991). Phagocytic cell molecules that bindthe transfected cells with the apoptotic thymocytes, and the assay
performed as described above. the collagen-like region of C1q: involvement in the C1q mediated
enhancement of phagocytosis. J. Biol. Chem. 266, 20345±20355.
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